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Multiparticle entanglement is of great significance for quantum metrology and quantum informa-
tion processing. We here present an efficient scheme to generate stable multiparticle entanglement
in a solid state setup, where an array of silicon-vacancy centers are embedded in a quasi-one-
dimensional acoustic diamond waveguide. In this scheme, the continuum of phonon modes induces
a controllable dissipative coupling among the SiV centers. We show that, by an appropriate choice
of the distance between the SiV centers, the dipole-dipole interactions can be switched off due to
destructive interferences, thus realizing a Dicke superradiance model. This gives rise to an entan-
gled steady state of SiV centers with high fidelities. The protocol provides a feasible setup for the
generation of multiparticle entanglement in a solid state system.
I. INTRODUCTION
Multiparticle entanglement has attracted great atten-
tion for its diverse applications in quantum metrology
and quantum computing [1–10]. Efforts along this di-
rection have lead to a plenty of proposals for generating
entangled states with particles as many as possible [11–
13], such as spin squeezing states [14–16] and GHZ states
[17–20]. So far, multiparticle entanglement has been re-
alized involving up to 20 qubits in trapped-ion systems
[21], and 12 qubits in superconducting circuits [22]. A
dominating challenge to generate high-quality entangled
states in the experiment comes from environment noises
[23]. The particles inevitably interact with the environ-
ment, thus inducing the decoherence effect [24]. As a
result, these entangled states are extremely fragile and
easily destroyed. A feasible approach to solve this prob-
lem is using dissipation as a resource. Coupling to the
environment drives the system to a steady state. By tak-
ing advantage of the dissipation, one can engineer a large
variety of strongly correlated states in steady state [25–
36].
Color centers in diamond, such as germanium-vacancy
(GeV) [37], nitrogen-vacancy (NV) center [38–42] and
silicon-vacancy (SiV) center [43–46], play an important
role in quantum science and technology [47–51]. Due to
the high controllability and long coherence time [52–60],
NV centers stand out among all kinds of solid-state sys-
tems. However, despite the impressive achievement with
these solid-state systems, it is still challenging to realize
quantum information processing with a large number of
spins, due to the inherent weak coupling of NV spins to
phonon modes and the difficulty in scaling to many spins.
Recently, much attention has in particular been paid to
the study of SiV centers [61–63]. The negatively charged
SiV centers present strong zero-phonon line emission and
narrow inhomogeneous broadening, which result from its
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inversion symmetry [64–66]. These characters make SiV
centers become an excellent candidate as quantum units,
due to their favorable optical properties and flexible ma-
nipulation on the energy-level structures [67–69]. More-
over, it has been discussed that SiV centers can real-
ize strong and tunable coupling to phonons at the single
quantum level [70–74].
In this paper, we propose an efficient scheme to gener-
ate steady state entanglement of solid-state qubits with
an array of SiV centers placed in a one dimensional (1D)
phononic diamond waveguide. A crucial advantage for
utilizing the phononic waveguide is that SiV centers can
be positioned at determined positions to modulate the
phase difference [75, 76]. In addition, the electronic
ground states of SiV centers feature orbital degrees of
freedom, which permits a direct and strong strain cou-
pling to the phonon modes. Tailoring the system dissipa-
tion via the auxiliary external driven fields, the separated
SiV centers are collectively coupled to the propagating
phonon modes. Thus, we can engineer these SiV spins to
a steady entangled state. By suitably choosing the dis-
tances of SiV centers, the dipole-dipole interactions will
vanish due to destructive interferences [77–79], and we
can achieve a dissipative Dicke supperradiant [80] model
in this setup [81, 82]. This scheme provides a promising
avenue for the generation of many-body entanglement at
the steady state in solid-state setups.
II. MODEL
As depicted in Fig. 1(a), an array of N SiV centers are
coupled to the phonon modes in a 1D diamond waveg-
uide. The lattice distortion of longitudinal compression
modes affects the electronic structure of the defect, which
gives rise to a strain coupling between the phonons and
the orbital degrees of freedom of the SiV centers [70, 73].
The Hamiltonian for the whole system is given by
Hˆ = HˆSiV + Hˆph + Hˆstrain. (1)
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FIG. 1. (Color online) (a) Sketch of an array of N SiV centers
are embedded in a 1D phononic diamond waveguide at fixed
positions xj , with the uniform distance between two nearby
SiV centers. The length, width and thickness of the waveguide
are L, w, and t, respectively. The orbital states of the centers
are coupled via strain to a continuum of compression modes
propagating along the waveguide (indicate by the curvy ar-
row). (b) Ground state of SiV centers. Two time-dependent
microwave driving fields induce the Raman processes between
|3〉 ↔ |2〉, and |4〉 ↔ |1〉.
The first term HˆSiV is the Hamiltonian of the N SiV cen-
ters. The second term Hˆph corresponds to the quantized
Hamiltonian of the phononic waveguide modes. The last
term Hˆstrain describes the strain coupling between the
SiV centers and the phonon modes.
The SiV center in diamond is formed by a silicon atom
and a split vacancy replacing two neighboring carbon
atoms [see Fig. 1(a)] [65]. The Hamiltonian of a sin-
gle SiV center includes three interaction parts: the spin-
orbit coupling HˆSO, the Jahn-Teller interaction HˆJT, and
the Zeeman interaction HˆZ. As the Lx and Ly compo-
nents of the angular momentum ~L are zero in the ba-
sis spanned by the degenerate eigenstates |ex, ↑〉, |ex, ↓〉,
|ey, ↑〉 and |ey, ↓〉, the spin-orbit interaction can be sim-
plified to HˆSO = −λgLzSz, where λg = 2π×45 GHz is the
spin-orbit coupling [65]. In the presence of external mag-
netic fields, the Zeeman term is HˆZ = fγLLzBz+γS ~S · ~B,
where γL and γS are the orbital and spin gyromag-
netic ratios, respectively. The quenching factor f ≈ 0.1
is caused by the Jahn-Teller coupling [65]. Assuming
~B = B0~ez, we have the following Hamiltonian with the
matrix form
HˆSiV = −λg
[
0 i
−i 0
]
⊗ 1
2
[
1 0
0 −1
]
+
[
Υx Υy
Υy −Υx
]
⊗ I
+ fγL
[
0 i
−i 0
]
⊗B0I+ γSB0I⊗ 1
2
[
1 0
0 −1
]
. (2)
Here, Υx and Υy are the distortions along x and y, and
I denotes the 2× 2 identity matrix. When neglecting the
effect of the reduced orbital Zeeman interaction, the third
term in Eq. (2) can be ignored [73]. Diagonalizing the
above equation and in the case of Υx,y ≪ λg, we obtain
the two lower eigenstates |1〉 ≈ |e−, ↓〉, |2〉 ≈ |e+, ↑〉,
and two upper eigenstates |3〉 ≈ |e+, ↓〉, |4〉 ≈ |e−, ↑〉,
with the splitting given by ∆ =
√
λ2g + 4(Υ
2
x +Υ
2
y) ≈
2π× 46 GHz [73]. Here, |e±〉 = (|ex〉 ± i|ey〉)/
√
2 are the
eigenstates of the angular momentum Lz. We consider
adding two time-dependent driving fields to induce the
transition between |1〉 and |4〉, with the amplitude Ω1
and frequency ω1, and the transition between |2〉 and
|3〉, with the amplitude Ω2 and frequency ω2. Thus, the
Hamiltonian of a single SiV center driven by external
fields can be described by
HˆSiV = ωB|2〉〈2|+∆|3〉〈3|+ (∆ + ωB)|4〉〈4|
+
Ω1
2
|1〉〈4|eiω1t + Ω2
2
|2〉〈3|eiω2t +H.c., (3)
where ωB = γsB0 is the Zeeman energy. The energy level
scheme and related transitions associated with HˆSiV are
summarized in Fig. 1(b).
We now consider the Hamiltonian for the phonon
modes in the diamond waveguide. For 1D diamond
phononic waveguide, the length, width and thickness
are labelled as L, w and t, which satisfy the condition
L ≫ wt. For a linear isotropic medium, we can model
the phonon modes as elastic waves with a displacement
field ~u(~r, t) [73]. Imposing the periodic boundary con-
ditions and then quantizing the displacement field, we
can obtain the quantized Hamiltonian [83] of the phonon
modes
Hˆph =
∑
n,k
~ωn,ka
†
n,kan,k. (4)
Here, ωn,k is the frequency of phonon modes, with k the
wave vector along the waveguide and n the branch in-
dex, and an,k is the bosonic annihilation operator for the
phonon mode. In addition, the quantized displacement
field reads
~u(~r) =
∑
n,k
√
~
2ρV ωn,k
~u⊥n,k(y, z)(an,ke
ikx +H.c.), (5)
where ρ is the density, V = Lwt is the volume of the
waveguide, and ~u⊥n,k(y, z) is the transverse profile of the
displacement field [73]. In Fig. 2, we summarize the sim-
ulated acoustic dispersion relation and the displacement
distribution for the waveguide with w = t = 100 nm.
3FIG. 2. (Color online) Acoustic dispersion relation for a
rectangular waveguide of width and thickness w = t = 100
nm. Inset: Normalized displacement profiles of symmetric
phonons at 46 GHz.
We proceed to discuss the strain coupling between the
SiV centers and the phononic waveguide modes. The
change in Coulomb energy of electronic states due to a
collective displacement of the defect atoms will induce
strain coupling between these phonons and the orbital
degrees of freedom of SiV centers [71]. When considering
the small displacement of the defect atoms, the coupling
between the phonon modes and the orbital degrees of
freedom is linear in the Born-Oppenheimer approxima-
tion [70, 71, 73]. In this case, the strain coupling within
the framework of linear elasticity theory can be given by
Hˆstrain = ǫEgx(Lˆ− + Lˆ+)− iǫEgy (Lˆ− − Lˆ+), (6)
where Lˆ+ = Lˆ
†
− = |3〉〈1| + |2〉〈4| is the orbital raising
operator within the ground state. The parameters ǫEgx ,
and ǫEgy are
ǫEgx = d(ǫxx − ǫyy) + fǫzx
ǫEgy = −2dǫxy + fǫyz, (7)
with ǫab the strain field tensor [71].
After taking Eq. (5) and Eq. (7) into Eq. (6), we obtain
the resulting strain coupling for N SiV centers
Hˆstrain =
∑
j,n,k
[gjn,k(J
j
+ + J
j
−)an,ke
ikxj +H.c.]. (8)
Here Jj− = (J
j
+)
† = |1〉j〈3|+ |2〉j〈4| is the spin-conserving
lowering operator and j labels the SiV center located at
the position xj . In order to get the right expression for
the dipole-dipole force in the next part, it is crucial to
keep the counter-rotating terms in the Hamiltonian of
strain coupling [3]. After some derivation, the resulting
coupling strength can be given as
gjn,k = d
√
~k2
2ρV ωn,k
ξn,k(yj , zj), (9)
where d/2π ∼ 1 PHz is the strain sensitivity [72, 73].
Here, the dimensionless function ξn,k(y, z) is related to
the specific strain distribution. Putting everything to-
gether, the total Hamiltonian of the whole system is given
by
HˆTotal =
∑
j
[ωB|2〉j〈2|+∆|3〉j〈3|+ (∆ + ωB)|4〉j〈4|
+
Ω1
2
(|1〉j〈4|eiω1t +H.c.) + Ω2
2
(|2〉j〈3|eiω2t +H.c.)]
+
∑
n,k
ωn,ka
†
n,kan,k
+
∑
j,n,k
[gjn,k(J
j
+ + J
j
−)an,ke
ikxj +H.c.].
(10)
III. STEADY STATE ENTANGLEMENT
We use the quantum theory of damping in which the
waveguide modes are treated as a reservoir. In this case,
the phonon modes can be eliminated by using the Born-
Markov approximation, giving rise to an effective mas-
ter equation for the density operator ρˆ, which describes
the dissipative dynamics of the spin degrees of freedom.
Starting from the model given in Eq.(10), we make a ro-
tating transformation H → UHU † + iU †U˙ firstly, where
the unitary operation U = ei(ω1|4〉〈4|+ω2|3〉〈3|)t [3]. The
resulting Hamiltonian in the case of a single SiV center
at the position xj = 0 is
Hˆ =
∑
n,k
ωn,ka
†
n,kan,k + ωB|2〉〈2|+∆2|3〉〈3|+∆1|4〉〈4|
+
Ω1
2
(|1〉〈4|+H.c.) + Ω2
2
(|2〉〈3|+H.c.)
+
∑
n,k
gn,k[(|3〉〈1|eiω2t + |4〉〈2|eiω1t +H.c.)an,k +H.c.],
(11)
where ∆1 = ∆+ωB−ω1 and ∆2 = ∆−ω2. A crucial step
to get the effective Hamiltonian is the adiabatic elimina-
tion of the excited states. Next, we apply the following
canonical transformation H → e−SHeS [3, 84], where
S =
Ω1
2∆1
(|4〉〈1| − |1〉〈4|) + Ω2
2∆2
(|3〉〈2| − |2〉〈3|).(12)
Note that this transformation is valid in the limit of
Ω1,2 ≪ ∆1,2. Keeping terms to the second order, and
neglecting the terms which are proportional to the ex-
cited state populations, we obtain the effective Hamil-
tonian in the interaction picture with respect to H0 =∑
n,k ωn,ka
†
n,kan,k + ωB|2〉〈2|
HˆI = αu(x0, t)(D
+eiωat +H.c.), (13)
with u(x0, t) =
∑
n,k gn,k(an,ke
−iωat + H.c.). D− =
(D+)† = u|1〉〈2| + υ|2〉〈1| is a jump operator resulting
from the cross radiative decay, with u = α−1Ω2/2∆2
4and υ = α−1Ω1/2∆1 satisfying the relation u
2 − υ2 = 1,
and α2 = (Ω1/2∆1)
2−(Ω2/2∆2)2 is a normalization con-
stant. This implies that these parameters can be written
as u = cosh(r) and υ = sinh(r). In this way, we can char-
acterize the system by a single parameter, i.e., squeezing
parameter r. In addition, ωa = ω1 − ω0 = ω2 + ω0. This
means the two decay channels denoted in red of Fig. 1(b)
correspond to phonon emission with the same energy ωa.
Hence, the generalized interaction Hamiltonian in the sit-
uation of N SiV centers is
HˆI =
∑
j
αu(xj , t)(D
+
j e
iωat +H.c.). (14)
We define ρS as the reduced density matrix for the SiV
centers, and the dynamics of the SiV centers are governed
by the Born-Markovian master equation [3, 33, 85, 86]
d
dt
ρS =
∑
j,m
Jj,m[D
−
j ρS(t)D
+
m − ρS(t)D+mD−j ] + H.c.,
(15)
where
Jj,m =
∫ t
0
dt(e−iωat + eiωat)
∑
n,k
g2n,ke
−iωn,kteik(xj−xm).
(16)
This equation gives the dipole-dipole coupling strength
between the SiV centers at position xj and xm. In this
process, we assume the phonon field is in the vacuum. It
means 〈a†n,kan,k〉 = 0.
In order to get the explicit expressions of Jj,m, we need
some mathematical calculations. The first step is replac-
ing the summation of k by an integral, and then trans-
forming the k integral into an energy integral by assum-
ing the linear dispersion relationship ωn,k = vk [3]. We
finally have
Jj,m =
Γ
2
eiωa|xj−xm|, (17)
where Γ = α2γ(ωa) is the collective decay rate, with
γ(ω) = |gn,k|2D(ω)/π, and D(ω) = (L/2π)|∂kωn,k| the
state density. Generally, the coupling between dipoles
decays with the distance. One can find this conclusion
easily from Jj,m. In this scheme, we choose the distance
xn = nλ (n ∈ Z) between two centers, and λ = 2π/k,
with the purpose of canceling the dipole-dipole interac-
tion by destructive interferences [3, 77–79]. Eventually,
we get the Dicke superradiant model [82] described by
d
dt
ρS =
Γ
2
(D−ρSD
+ −D+D−ρS) + H.c., (18)
where D+/− =
∑
j D
+/−
j is the collective spin-squeezed
operators. To quantify the degree of entanglement, we
introduce the spin squeezing parameter ξ2
R′
ξ2
R′
=
N(∆Sx)
2
〈Sy〉2 + 〈Sz〉2 , (19)
FIG. 3. (Color online) Time evolution of the two spin squeez-
ing parameters 1/ξ2
R
′ and 1/ξ2S with N = 4, with r = 0.2.
where Sβ = Σjσ
β
j /2, (β = x, y, z). We define the
Pauli matrices σz = |2〉〈2| − |1〉〈1|, σ+ = |2〉〈1|, and
σ− = |1〉〈2|. Spin squeezing is not only the measure
of entanglement, but also has important applications in
quantum metrology and quantum information process-
ing [3, 8, 87, 88]. The spin squeezing parameter ξ2
R′
is
proposed in Ref. [8], and it can be viewed as a general-
ization of the spin squeezing parameter ξ2R proposed by
Wineland et al. in the study of spectroscopy [88, 89].
When ξ2
R′
< 1, the states can be shown to be entangled.
The definitions of spin squeezing are not uniform. An-
other spin squeezing definition is given by Kitagawa and
Ueda [87, 90]
ξ2S =
2
N
[〈S21 + S22〉 −
√
〈S21 − S22〉2 + 〈S1S2 + S2S1〉2],
(20)
where
S1 = Sy cosφ− Sx sinφ
S2 = Sx cos θ cosφ+ Sy cos θ sinφ− Sz sin θ,
θ = arccos(〈Sz〉/
√
〈Sx〉2 + 〈Sy〉2 + 〈Sz〉2)
φ = arctan(〈Sy〉/〈Sx〉). (21)
These two spin squeezing definitions ξ2S and ξ
2
R′ are not
equivalent. In Fig. 3 we plot the time evolution of the
spin squeezing parameters for N = 4 to compare these
two definitions. We find that ξ2S < ξ
2
R′
, which is con-
sistent with the conclusion in Ref. [91]. It has been
proved that the spin squeezing parameters ξ2S and ξ
2
R′
are
closely related to pairwise or many-body entanglement
[8, 75, 91]. Note that such steady-state entanglement in
Dicke superradiance has also been studied in a different
context [90], which discussed an important aspect of the
entanglement witness ξ2S . In this work, we choose ξ
2
R′
as
the criterion to detect many body entanglement, and for
simplification we drop the subscribe R
′
in the following.
5FIG. 4. (Color online) Time evolution of the squeezing pa-
rameter 1/ξ2 with N = 2, 4, 6, 8.
We plot in Fig. 4 the time evolution of the squeezing
parameter 1/ξ2. Here, we choose the value of the param-
eter r = 0.2, and N = 2, 4, 6, 8. For two SiV centers,
the time for the system to reach the steady state is about
Γt = 10, and the value of the parameter 1/ξ2 is about
1.4. This means that these two centers are entangled.
When the number of SiV centers N = 4, 6, 8, it only
takes Γt < 1 to realize the steady state entanglement,
and 1/ξ2 is about 1.5. The numerical result indicates
that the degree of entanglement can be enhanced with
the increasing of the number of SiV centers. Moreover,
it takes less time for a large N to reach the steady state.
Therefore, it will be more efficient to prepare the tar-
geted states with a high fidelity with a large number of
SiV centers.
We note that the Hamiltonian commutes with the to-
tal spin ~S2. This means, if the total spin of the sys-
tem is given, the system will eventually reach a unique
steady state regardless of the initial spin projection [32].
We assume that the initial state is |Ψ0〉 = |S,ms〉 =
|N/2, N/2〉, and the system evolves within the sector
S = N/2. We next check the time evolution of the
squeezing parameter 1/ξ2 for different initial states in
Fig. 5. One can find that all the squeezing parameters
evolve asymptotically to the same stable value. This re-
sult agrees with what we discuss above.
Finally, In Fig. 6 we plot the calculation of the spin
squeezing in the steady state as a function of the squeez-
ing parameter r. When N = 2, the maximum value of
1/ξ2 rises to 2 when increasing the parameter r, and for
N = 8, the maximum value of 1/ξ2 can reach 5. From
the figure, one can find an enhancement of the maximum
value of the spin squeezing when increasing the number
of the SiV centers.
For the realistic experimental condition in our scheme,
we should take the dephasing rate ΓD into our consid-
eration, and add this inevitable adverse factor into our
numerical simulation. According to Eq. (18), we can ob-
FIG. 5. (Color online) Time evolution of the squeezing pa-
rameter 1/ξ2 for different initial states |N/2, ms〉. Here the
parameters are N = 4, and r = 0.2. Note that the steady
state does not depend on the initial state in the subspace
S = N/2.
tain
d
dt
ρS = ΓD[D−]ρS + ΓD
∑
j
D[σjz ]ρS , (22)
where D[O]ρ = OρO† − 1/2(O†Oρ + ρO†O), and ΓD =
1/2T2, with T
−1
2 the single spin dephasing rate [92–94].
We plot the time evolution of the spin squeezing pa-
rameter for N = 2, 4, 6, 8 spins in Fig. 7. Here, we still
choose the value of the squeezing parameter as r = 0.2.
We can obtain the maximal entanglement in the case of
ΓD = 0, which has been discussed above. For ΓD 6= 0, the
spin dephasing affects the steady state entanglement, and
the degree of entanglement will be reduced. As expected,
this adverse effect will be significant as we increase ΓD.
In addition, the time interval for the system to reach the
steady state entanglement is negatively related to ΓD.
As illustrated in Fig. 7, for a large N , as long as we take
a much larger dephasing rate, the time interval for reach-
ing the steady entanglement will be shorter during this
FIG. 6. (Color online) Spin squeezing 1/ξ2 as a function of the
squeezing parameter r at steady state, with different numbers
of SiV centers (N = 2, 4, 6, 8) .
6(a) (b)
(c) (d)
FIG. 7. (Color online) Time evolution of the squeezing pa-
rameter 1/ξ2 in the presence of dephasing.
dynamical evolution process. In Fig. 8, we present the
calculation of the spin squeezing in the steady state as a
function of the squeezing parameter r for N = 2, 4, 6, 8.
The dephasing effect competes with the collective decay,
which results in an optimal r to generate the maximal
steady state entanglement. And this optimal spin pa-
rameter r is inversely related to the dephasing rate ΓD.
IV. THE FEASIBILITY OF THIS SCHEME
In this work, we propose a spin-phononic waveguide
system, where separated SiV centers are coupled by
quantized phonon modes of a one-dimensional diamond
(a) (b)
(c) (d)
FIG. 8. (Color online) The degree of entanglement as a func-
tion of the squeezing parameter r in the presence of dephasing.
waveguide. Based on state-of-the-art nanofabrication
techniques, several experiments have demonstrated the
generation of SiV center arrays through ion implantation
techniques [95, 96]. For instance, three arrays of SiV
centers are integrated into the diamond cantilever, and
are placed at determined position to control the interac-
tion of its spins with the thermal bath in Ref. [97]. In
general, the proposed setup can be implemented experi-
mentally where an array of SiV centers are embedded in
a 1D diamond waveguide.
For the phonon diamond waveguide, the length and
cross section are L = 100 µm and A = 100×100 nm2. In
addition, the material properties of diamond waveguide
are ρ = 3500 kg/m
3
, E = 1050 GPa and ν = 0.2. In
this case, the group velocity along the waveguide is v =
1.71× 104 m/s, and the single SiV center can couple to
the phonon mode with a strength g/2π = 16 MHz.
For the SiV center in diamond, the ground-state split-
ting is about ∆/2π = 46 GHz. And the transitions be-
tween |3〉 ↔ |2〉 and |4〉 ↔ |1〉 can be implemented by
using a microwave field [73] or via an equivalent opti-
cal Raman process [73], which has already been carried
out experimentally. In our model, the precise location
of the SiV centers is required with the purpose of can-
celling the dipole-dipole interactions by destructive in-
terference. The diamond waveguide permits us to place
the SiV centers permanently at the position xn = nλ [3],
where λ ≈ 200 nm is the phonon wavelength. Under this
consideration, a waveguide with L = 100 µm can contain
500 SiV centers, approximately.
At 100 mK temperature, the spin dephasing time of a
single SiV center is about γs/2π = 100 Hz. Thus the spin
coherence time is T2 ∼ 10 ms. Assuming Ω1,2/2π ∼ 10
MHz and ∆1,2/2π ∼ 100 MHz, the effective decay rate is
Γ/2π = 160 kHz. According to Fig. 4, the time for the
system to reach the steady state entanglement is about
Γt . 10, i.e., T ∼ 10 µs, which is much shorter than the
spin coherence time T2. This shows that the condition
for the steady state entanglement can be reached.
V. CONCLUSION
In conclusion, we have proposed a scheme to gener-
ate multiparticle entanglement of solid-state qubits by
embedding an array of SiV centers in a one dimensional
phononic diamond waveguide. We study the efficient cou-
pling between the SiV centers and the phononic waveg-
uide modes. The unique structure of the waveguide al-
lows us to switched off the dipole-dipole interactions via
destructive interferences by appropriately choosing the
distance between nearby SiV centers. We can achieve
the Dicke supperradiant model under appropriate exter-
nal driving fields. We also discuss the degree of entan-
glement in the presence of realistic decoherence. This
scheme may provide a realistic and feasible platform for
quantum information processing with spins and phonons
in a solid-state system.
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Appendix A: The Hamiltonian of SiV centers
The detailed derivation for the Hamiltonian of SiV
centers has been discussed in Refs. [65, 71, 73]. Here
we follow their discussions and present the key results.
We start from the Hamiltonian (Eq. (2) in main text),
which is in the basis spanned by the degenerate eigen-
states |ex, ↑〉, |ex, ↓〉, |ey, ↑〉 and |ey, ↓〉
HˆSiV = −λg
[
0 i
−i 0
]
⊗ 1
2
[
1 0
0 −1
]
+
[
Υx Υy
Υy −Υx
]
⊗ I
+ fγL
[
0 i
−i 0
]
⊗B0I+ γSB0I⊗ 1
2
[
1 0
0 −1
]
.(A1)
After some simplifications and neglecting the effect of
the reduced orbital Zeeman interaction, we obtain the
total Hamiltonian of SiV centers
HˆSiV =


1
2γSB0 +Υx 0 − i2λg +Υy 0
0 − 12γSB0 +Υx 0 i2λg +Υy
i
2λg +Υy 0
1
2γSB0 −Υx 0
0 − i2λg +Υy 0 − 12γSB0 −Υx

 . (A2)
Diagonalizing the above matrix, we have the eigenener-
gies
E3,1 = −1
2
γSB0 ±
√
Υ2 +
1
4
λ2g ,
E4,2 =
1
2
γSB0 ±
√
Υ2 +
1
4
λ2g. (A3)
Here, Υ =
√
Υ2x +Υ
2
y is the Jahn-Teller coupling
strength. It has been shown that the spin-orbit inter-
action and the Jahn-Teller effect both lift the orbital de-
generacy of ground states of SiV centers [65]. Besides,
the spin-orbit coupling strength λg ≫ Υx,y. We thus ne-
glect the Jahn-Teller effect on the orbital states. In this
case, the corresponding normalized eigenstates are
|1〉 ≈ (|ex, ↓〉 − i|ey, ↓〉)/
√
2 = |e−, ↓〉,
|2〉 ≈ (|ex, ↑〉+ i|ey, ↑〉)/
√
2 = |e+, ↑〉,
|3〉 ≈ (|ex, ↓〉+ i|ey, ↓〉)/
√
2 = |e+, ↓〉,
|4〉 ≈ (|ex, ↑〉 − i|ey, ↑〉)/
√
2 = |e−, ↑〉. (A4)
After shifting the whole energy level of SiV centers, i.e.,
choosing E1 = 0, we then have the Hamiltonian form
Eq. (3) in the main text.
Appendix B: The quantization of the phonon
waveguide modes
We follow the discussion in Ref. [73] to obtain the
key results on the quantization of the phonon waveguide
modes. We consider a 1D diamond waveguide with a
cross section A and a length L≫ A. The phonon modes
can be viewed as elastic waves in the elastic theory, char-
acterized by the displacement field ~u(~r, t) [73]. For a lin-
ear isotropic medium, the displacement field is described
by the equation of motion
ρ
∂2
∂t2
~u = (λ+ µ)~∇(~∇ · ~u) + µ~∇2~u, (B1)
where ρ = 3500 kg/m3 is the mass density of diamond
waveguide, λ and µ are the Lame´ constants
λ =
νE
(1 + ν)(1 − 2ν) , µ =
E
2(1 + ν)
. (B2)
For diamond, we use the Young’s modulus E = 1050 GPa
and Poisson ratio ν = 0.2.
Under the periodic boundary conditions k = 2πm/L
(m ∈ Z), the solution of Eq. (B1) is given by
~u(~r, t) =
1√
2
∑
n,k
~u⊥n,k(y, z)[An,k(t)e
ikx + c.c.]. (B3)
Here, amplitudes An,k(t) satisfy the oscillating equa-
tion A¨n,k(t) + ω
2
n,kAn,k(t) = 0 [73]. The value of the
mode frequencies ωn,k and the transverse mode profile
~u⊥n,k(y, z) can be obtained from numerical solutions, and
the ~u⊥n,k(y, z) are orthogonal and normalized to
1
A
∫
dydz~u⊥n,k(y, z) · ~u⊥m,k(y, z) = δnm. (B4)
The quantization of displacement field is similar to the
electromagnetic field in quantum optics. Taking the
equivalence
An,k →
√
~
ρV ωn,k
a†n,k, A
∗
n,−k →
√
~
ρV ωn,k
an,−k,(B5)
8we can obtain the quantized displacement field [73]
~u(~r) =
∑
n,k
√
~
2ρV ωn,k
~u⊥n,k(y, z)(an,ke
ikx + a†n,ke
−ikx),
(B6)
and the quantized phonon modes
Hˆph =
∑
n,k
~ωn,ka
†
n,kan,k. (B7)
Appendix C: Strain coupling
We follow the discussion in Ref. [73] to obtain the
key results on strain coupling between SiV centers and
phononic waveguide modes. For small displacements and
in the Born-Oppenheimer approximation, the strain cou-
pling within the framework of linear elasticity theory can
be given by
Hˆstrain =
∑
ij
Vijǫij . (C1)
Here, i,j label the coordinate axes. Vij is an operator
acting on the electronic states of the SiV defect and ǫij
is the strain field tensor [55]. The local strain tensor is
defined as
ǫij =
1
2
(
∂ui
∂xj
+
∂uj
∂xi
), (C2)
with ux (uy, uz) representing the quantized displacement
field along x (y, z) at position of the SiV center. We
assume the axes as shown in Fig. 1(a). By projecting
the strain tensor onto the irreducible representation of
D3d, the Hamiltonian can be rewritten in terms of the
electronic states of the SiV defect
Hˆstrain =
∑
r
Vrǫr, (C3)
where r runs over the irreducible representations. It
can be shown that the only contributing representations
are the one-dimensional representation A1g and the two-
dimensional representationEg. Due to the inversion sym-
metry, the ground states of the SiV center transform as
Eg, and the excited states transform as Eu. Therefore,
one can find that strain can couple independently to or-
bital within the ground and excited manifolds. Limiting
only to the ground state, the terms in Eq. (C3) are given
by
ǫA1g = t⊥(ǫxx + ǫyy) + t‖ǫzz,
ǫEgx = d(ǫxx − ǫyy) + fǫzx,
ǫEgy = −2dǫxy + fǫyz, (C4)
where t⊥, t‖, d, f are four strain-susceptibility parame-
ters. Furthermore, the effects of these strain components
on the electronic states are given by
VA1g = |ex〉〈ex|+ |ey〉〈ey|,
VEgx = |ex〉〈ex| − |ey〉〈ey|,
VEgy = |ex〉〈ey |+ |ey〉〈ex|. (C5)
As the energy shift of all ground states induced by
symmetry local distortions is equal, it can be neglected.
Finally, we write the strain Hamiltonian using the ba-
sis spanned by the eigenstates of the spin-orbit coupling
|e+〉, and |e−〉
Hˆstrain = ǫEgx(Lˆ− + Lˆ+)− iǫEgy(Lˆ− − Lˆ+), (C6)
where Lˆ+ = Lˆ
†
− = |3〉〈1| + |2〉〈4|. By decomposing the
local displacement field in terms of the vibrational eigen-
modes, the resulting strain coupling can be written as
Hˆstrain =
∑
n,k
[gn,k(J+ + J−)an,ke
ikx +H.c.], (C7)
with the coupling strength having the form
gn,k = g0
1
|k| [(ik~u
⊥,x
n,k + ik
f
d
~u⊥,zn,k
2
+
f
d
∂z~u
⊥,x
n,k
2
− ∂y~u⊥,yn,k )
− i(ik~u⊥,yn,k +
f
d
∂y~u
⊥,z
n,k
2
+
∂z~u
⊥,y
n,k
2
+ ∂y~u
⊥,x
n,k )], (C8)
where g0 =
√
~k2d2/2ρV ωn,k.
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